Abstract: Acupuncture, an ancient therapeutic technique, is emerging as an important modality of complementary medicine in the United States. The use and efficacy of acupuncture treatment are not yet widely accepted in Western scientific and medical communities. Demonstration of regionally specific, quantifiable acupuncture effects on relevant structures of the human brain would facilitate acceptance and integration of this therapeutic modality into the practice of modern medicine. Research with animal models of acupuncture indicates that many of the beneficial effects may be mediated at the subcortical level in the brain. We used functional magnetic resonance imaging (fMRI) to investigate the effects of acupuncture in normal subjects and to provide a foundation for future studies on mechanisms of acupuncture action in therapeutic interventions. Acupuncture needle manipulation was performed at Large Intestine 4 (LI 4, Hegu) on the hand in 13 subjects [Stux, 1997] . Needle manipulation on either hand produced prominent decreases of fMRI signals in the nucleus accumbens, amygdala, hippocampus, parahippocampus, hypothalamus, ventral tegmental area, anterior cingulate gyrus (BA 24), caudate, putamen, temporal pole, and insula in all 11 subjects who experienced acupuncture sensation. In marked contrast, signal increases were observed primarily in the somatosensory cortex. The two subjects who experienced pain instead of acupuncture sensation exhibited signal increases instead of decreases in the anterior cingulate gyrus (BA 24), caudate, putamen, anterior thalamus, and posterior insula. Superficial tactile stimulation to the same area elicited signal increases in the somatosensory cortex as expected, but no signal decreases in the deep structures. These preliminary results suggest that acupuncture needle manipulation modulates the activity of the limbic system and subcortical structures. We hypothesize that modulation of subcortical structures may be an important mechanism by which acupuncture exerts its complex multisystem effects. Hum Brain Mapp 9:13-25, 2000.
INTRODUCTION
Acupuncture, a traditional Chinese healing technique that can be traced back at least 2,500 years, is gaining popularity as an alternative and complementary therapeutic intervention in the Western world [Diehl et al., 1997; Eisenberg et al., 1998 Eisenberg et al., , 1993 . Acupuncture treatments for postoperative and chemotherapyinduced nausea and vomiting and for postoperative dental pain are promising, and acupuncture can be a beneficial adjunct or alternative treatment for drug addiction, stroke rehabilitation, asthma, and chronic pain [NIH, 1998 ]. Further research is necessary to clarify the role of acupuncture for various health conditions and to elucidate the mechanisms by which acupuncture achieves its therapeutic effects. The purpose of this study is to obtain basic information on the effects of acupuncture stimulation in normal, healthy subjects to provide a foundation for future studies on disease states.
Clinical studies of adjunct acupuncture during surgery have shown that this treatment stabilizes vital functions, such as supporting blood pressure and heart rate, reducing emesis and enhancing immune function, that contribute to a faster postoperative recovery [Al-Sadi et al., 1997; Bensoussan, 1991; Cao et al., 1997; Cheng et al., 1997; Du et al., 1998; Dundee et al., 1989] . Animal and clinical data indicate that although the therapeutic effects of peripherally applied acupuncture stimulation are mediated through multiple physiological systems, the initiation of these effects requires coordinate activation of multiple regions of the central nervous system [Han and Terenius, 1982; Nathan, 1978; Takagi, 1982] . For example, the analgesic effects of acupuncture are widely believed to be mediated through descending inhibitory pathways localized to the brainstem [Han and Terenius, 1982; Liu and Zhu, 1986; Melzack, 1989; Stux, 1997] . Moreover, it has been noted that elevation of pain tolerance threshold by acupuncture is even more crucial than elevation of pain perception threshold for efficacy of surgical analgesia [Cao et al., 1983] . This implies that the processing of affective behavior through limbic brain regions above the brainstem is important for the therapeutic efficacy of acupuncture.
We hypothesized that acupuncture needle manipulation would have profound effects on the activity of neurons in the brainstem, subcortical gray matter areas, and limbic brain regions. To test this hypothesis we employed functional magnetic resonance imaging (fMRI) during acupuncture at LI 4, an acupuncture point in the first dorsal interosseous space of the hand [Hui et al., 1997 [Hui et al., , 1998 ]. This noninvasive neuroimaging technique was chosen because it can detect the rapid changes in neural activity of discrete brain regions [Bandettini et al., 1992; Kwong et al., 1992; Ogawa et al., 1992] postulated to subserve acupuncture effects in human subjects. The acupuncture point LI 4 was selected because it is the most frequently used acupuncture point in Chinese acupuncture, especially for analgesia and sedation [Stux, 1997] . It is also used most widely for diverse disorders such as stress, agitation, depression, emesis, poststroke paralysis, facial palsy, epilepsy, and the common cold [Bensoussan, 1991; Edzard et al., 1998; Huang, 1996; Konefal et al., 1995; Naeser et al., 1992 Naeser et al., , 1994 Stux, 1997] . Superficial tactile stimulation was performed over the LI 4 region for comparison with acupuncture needle manipulation. Here, we report the effects of acupuncture needle manipulation on fMRI activity in the limbic system, subcortical structures, and somatosensory cortices.
MATERIALS AND METHODS

Subjects
The study was performed with informed consent on 13 right-handed normal, healthy volunteer adults: five male and eight female, six Caucasian and seven Asiatic, ages 27-52. None had a history of psychiatric or neurological disorders or head trauma with loss of consciousness, or intake of tranquilizing drugs in the last 3 days. Four were naïve to acupuncture, six had some knowledge of acupuncture by way of cultural exposure or learning but had never received treatment, and three had received acupuncture therapy in the past for headache or back pain. No subject was in pain or distress at the time of the study. All subjects were briefed about the range of possible acupuncture sensations they might experience during needle manipulation before entering the magnet. There were no differences in the degree of acupuncture sensation experienced or in the fMRI results obtained due to differences in past acupuncture experience; thus the data were combined for analysis. The study was approved by the MGH Subcommittee on Human Studies.
Experimental protocol
Each subject was brought to the MGH NMR Center. The subject was settled into the scanner and instructed to close his or her eyes and relax throughout the imaging session. First, a scan was performed during intermittent tactile stimulation overlying the acupuncture point to be manipulated in the subsequent scan.
Then, a scan was performed during intermittent acupuncture needle manipulation on the same hand. Three subjects remained in the scanner for a third scan during acupuncture needle manipulation on the contralateral hand.
Each subject received superficial tactile stimulation to the first dorsal interosseous space at the acupuncture site for comparison with the effects of acupuncture needle manipulation. Tactile stimulation consisted of gently tapping the skin surface with the bent tip of a flexible wire at the rate of 120 times per min. Four subjects received tactile stimulation using the same timing paradigm as used for delivering acupuncture needle manipulation, described below (Fig. 1) . Seven other subjects received tactile stimulation following timing paradigms already in use at the MGH-NMR Center for mapping studies of somatosensory pathways [Moore et al., 1996] . Of these seven subjects, five received 30 sec of stimulation repeated four times with 30 sec rest intervals. Two subjects received 20 sec of stimulation repeated eight times separated by 20 sec. After 15 min rest, scanning was resumed and acupuncture needle manipulation was delivered to LI 4 on one hand (Fig. 1) . In the three subjects who received acupuncture needle manipulation to both hands, the left hand was studied before the right, separated by an ϳ15 min rest interval. The results of the superficial tactile stimulation were qualitatively similar regardless of which timing paradigm was used, and they are presented together.
Acupuncture was performed at acupuncture point LI 4 either on the left hand only (n ϭ 6) or on the right hand only (n ϭ 4), or sequentially on both hands (n ϭ 3 with two sets of data from each subject). Of the 16 scans acquired during acupuncture, 12 sets were used to generate group average maps, five for the left hand and seven for the right hand. One scan could not be used for the group averaging due to inadvertent shortening of the rest period between epochs of needle manipulation, although the results were entirely consistent with the individuals included in the group average. Another two scans are discussed separately because the subjects experienced pain instead of the typical acupuncture sensation (deqi) during needle manipulation. One scan was discarded due to an error in the acupuncture stimulation parameters.
Intermittent acupuncture stimulation was delivered using a sterile disposable 38 gauge stainless steel acupuncture needle 0.18 mm in diameter (Fig. 1) . The needle was inserted perpendicularly to the skin surface to a depth of ϳ1.0 cm and allowed to stay in place for 2 min. Stimulation was then delivered by a balanced ''tonifying and reducing'' technique. The needle was rotated manually clockwise and counterclockwise for 2 min at a rate of 120 times per min, followed by 4 min of needle at rest and another 2 min of needle manipulation. The needle then remained in place for 2 min before removal. The procedure was performed by the same experienced and licensed acupuncturist (JL) on all subjects. Subjects were questioned as to the degree of deqi or pain that they experienced [Stux, 1997] . The goal was to generate acupuncture sensation with little or no pain.
Imaging
Scanning was performed with a 3-axis gradient head coil in 1.5 Tesla GE Signa MRI System equipped for echo planar imaging [Kwong et al., 1992] . The head was cushioned with foam rubber pads to prevent motion. Ten coronal slices, each 6.5 mm thick with 0.5 mm gap, were placed parallel to the postcentral gyrus at 110 Ϯ 5°to the AC-PC line to encompass the major regions of interest. Thus, fMRI data was acquired for approximately the middle one-third of the brain. High resolution structural maps were obtained by T 1 -weighted echo-planar recovery sequence for preliminary statistical mapping. A sagittal localizer scan Experimental paradigm. Acupuncture needle manipulation was performed at LI 4 (arrow pointing to red dot) in the first interosseous muscle (gray shading). Scanning began 2 min prior to needle insertion. The needle was left at rest for 2 min before manipulation. Two epochs of needle manipulation (M1, M2) each lasting 2 min, were administered separated by a rest interval of 4 min. The needle was removed 2 min after M2. Scanning was continued for an additional 2 min. For statistical analyses, the mean signal intensity of the three periods of needle at rest (R1, R2, R3) served as the baseline for changes in signal intensity during needling. For the control experiments tactile stimulation was delivered to the skin surface overlying the acupuncture point with the tip of a flexible wire during M1 and M2. Total scanning time was 16 min.
(conventional T 1 -weighted spoiled gradient-echo sequence, 60 slices, 3 mm thick) was acquired for use as the structural scan for Talairach transformation [Talairach and Tournoux, 1988] . Functional MRI images were acquired by gradient echo T* 2 -weighted sequence with an in-plane resolution of 3.1 mm, TE 50 msec and TR 4.8 sec. For acupuncture experiments, scanning began 2 min prior to needle insertion and continued for 2 min after its removal (Fig. 1) . The experiments using a similar paradigm for acupuncture and tactile stimulation acquired 200 images in 16 min. The experiments employing unmatched paradigms for tactile stimulation used a shorter TR of 2.5 seconds; other imaging parameters were unchanged. A total of 110 images were acquired over 4.5 min for the 4 ϫ 30 sec stimulation paradigm and 96 images over 4 min for the 6 ϫ 20 sec stimulation paradigm.
Data analysis
Echo-planar data were motion-corrected using an algorithm adapted from Woods [Jiang et al., 1995; Woods et al., 1992] . The fMRI signal intensity during needle manipulation (50 time points) was compared with that of needle at rest (100 time points). The baseline was derived from the mean signal intensity before, between, and after the needle manipulations. The structural and functional scans were transformed into Talairach space and re-sliced into 57 coronal slices with isotropic dimensions (x, y, z ϭ 3.1 mm). Functional scans were fit to the structural scans by translation of exterior contours to correct for possible movement between acquisition of functional and structural images. The Talairach-transformed data were normalized and then averaged across the subjects in each experimental group. Kolmogorov-Smirnov (KS) statistical images using a 0.7 pixel Gaussian filter for smoothing were constructed from individual and averaged data [Purdon and Weisskoff, 1998 ]. We hypothesized a priori that both tactile stimulation and acupuncture manipulation would activate primary and secondary somatosensory cortex; therefore, we used a Bonferroni corrected threshold of P Յ 10 Ϫ3 for signal increases in these regions. Since we did not have a priori hypotheses for particular regions within the deep gray and limbic structures, the rest of the analysis was performed using a Bonferroni corrected threshold of P Յ 10 Ϫ5 for signal changes and a cluster constraint of a minimum of four adjacent voxels across two slices. Time-course graphs were constructed for the putative activations identified on KS statistical maps to confirm that the change occurred during stimulation.
Neuroanatomical analysis
The anatomical localization of the functional data was determined both by Talairach co-ordinates and inspection of individual maps by a neuroantomist (NM). Localization of the nucleus accumbens, amygdala, hippocampus, parahippocampus, ventral tegmentum, thalamus, cingulate gyrus, caudate putamen, and insula were defined according to the conventional methods of the MGH-NMR Center for Morphometric Analysis [Caviness et al., 1996; Filipek et al., 1994; Rademacher et al., 1992 ; see also Breiter et al., 1997 for application of this method]. The SI was defined as the postcentral gyrus and SII as the parietal operculum.
RESULTS
Subjective effects
Subjects were questioned as to the type and intensity of sensation they experienced during the acupuncture scans. Deqi is a unique sensation of numbness, tingling, fullness, and dull ache that develops at the site of acupuncture and may spread some distance from the acupuncture point during needle manipulation [Stux, 1997] . The deqi sensation was experienced to some degree during needle manipulation by 11 of the 13 subjects in this study. In one person, the deqi sensation was felt only around the acupuncture point; in five others, the deqi sensation spread within the hand and in another five subjects the deqi sensation radiated up the arm. Despite efforts to avoid pain, two subjects experienced pain during needle manipulation instead of the characteristic acupuncture sensation; their data are briefly discussed in comparison with data from subjects who experienced deqi (see later section on pain during acupuncture needle manipulation).
Somatosensory cortex signal changes
Both acupuncture and tactile stimulation elicited signal increases in the somatosensory cortices (SSC). Images from a representative subject are shown in Figure 2 . The increase in fMRI signal intensity in the secondary somatosensory cortex (SII) at the superior bank of the lateral fissure extended deep into the lateral sulcus. Compared to SII, signal increases in the primary somatosensory cortex (SI) on the postcentral gyrus were smaller and more variable in topography among the cohort for both acupuncture and tactile stimulation.
In the group averaged data, bilateral signal increases (P Յ 10 Ϫ3 ) in SII were seen with acupuncture needle ᭜ Hui et al. ᭜ ᭜ 16 ᭜ manipulation on either hand. SI increase was detected only in the contralateral hemisphere during acupuncture on the right hand. However, inspection of scans from individual subjects showed signal increases in SI in four of five acupuncture experiments performed on the left hand (2 bilateral, 1 contralateral, and 1 ipsilateral), and in six of seven acupuncture experiments performed on the right hand (3 bilateral, 2 contralateral, 1 ipsilateral). We attribute the discrepancy between group average and individual analysis regarding SI results to the interindividual variability in topography and the smaller size of the activated regions in the postcentral gyrus.
Acupuncture and tactile stimulation were delivered in exactly the same temporal sequence to the left hand in three subjects (Table I ; see also Fig. 3 ). This quantitative comparison illustrates that the magnitude of fMRI activation in the primary afferent pathway by acupuncture needle manipulation is modest even compared to innocuous tactile stimulation delivered for a comparable period of time. Regions of interest (ROIs) representing SI and SII were used to compare signal increases during acupuncture and tactile stimulation. The volume of the four ROIs was determined by selecting all voxels activated by tactile stimulation above a threshold of P Յ 10 Ϫ5 for the right and left sides of SI and SII. The averaged group data are presented in Table I and Figure 3 . Table I shows that the P values of the maximal voxel in SI and SII of both sides were more significant for tactile stimulation than acupuncture needle manipulation. Moreover, the magnitude of change was greater during tactile stimulation than during acupuncture in SI bilaterally (Student's t-test comparing the two conditions, right side: P Ͻ 0.001 and left side: P Ͻ 0.0001) and in SII on the left side (P Ͻ 0.05). The extent of brain tissue showing signal increases was greater during tactile stimulation than acupuncture (Figs. 2 and 3, Table I ). Qualitatively, the same result was found when an ROI determined by all voxels significantly activated dur- 
Acupuncture associated signal decreases in deep structures
Multiple regions of signal decrease were observed in limbic, paralimbic, and subcortical gray structures during acupuncture needle manipulation of the right or left hand at LI 4, but not during tactile stimulation ( Figs. 2 and 4 ; Table II). Table II reports the Talairach coordinates and P value associated with the maximally significant voxel for regions of signal decrease meeting a threshold criteria of P Յ 10 Ϫ5 in group averaged data. These regions included the nucleus accumbens, amygdala, hippocampus, parahippocampus, hypothalamus, ventral tegmental area, anterior cingulate (BA 24), caudate nucleus, putamen, anterior insula, and the temporal pole. Additionally, we observed signal decreases with P Յ 10 Ϫ4 , but above our conservative threshold cutoff of P Յ 10 Ϫ5 in the basal forebrain, orbito-frontal cortex, and posterior thalamus. The statistical maps and the time courses of signal change from the group averaged scans for several representative structures, including putamen, nucleus accumbens, amygdala, and hippocampus, are presented in Figure 4 .
Acupuncture needle manipulation related signal decreases were found bilaterally in the majority of structures regardless of which hand was stimulated. The bilateral regional activation was not necessarily equal on the left and right sides within a given structure. For example, the subject shown in Figure 2d had a bilateral signal decrease in response to acupuncture needle manipulation of left LI 4 in the parahippocampus/fusiform gyrus (PH/FusG) that was greater on the right side than left. In some cases the activation in a region was of comparable magnitude on both sides, but was not symmetrical with respect to the anterior to posterior localization. For example, in the group averaged data from the five subjects receiving acupuncture needle stimulation at the left LI 4, peak activation in the putamen was 12 mm anterior to the AC on the right (Fig. 4a) and 15 mm anterior to the AC on the left (not shown). There was no clear laterality pattern that could be attributed to the side of acupuncture needle manipulation (Table II) . In the averaged scans, signal decreases of 0.15-0.66% were found in the nucleus accumbens, amygdala, hippocampus, parahippocampus, hypothalamus, ventral tegmental area, anterior cingulate gyrus (BA 24), caudate, putamen, anterior insula, and temporal pole during acupuncture needle manipulation (Fig. 4a-d and Table II) .
The data from each individual were examined to ensure that the signal decreases noted in the group averaged data were representative of the majority of the cohort. The data from the subject in whom the rest period between needle manipulations was inadvertently shortened were included in determining the proportion of individuals who showed signal decreases in response to acupuncture (Table II) . The individual data analysis strongly supports the group average results in the nucleus accumbens, amygdala, hippocampus, parahippocampus, and temporal pole with 10 or more of 13 studies demonstrating significant signal decreases. The hypothalamus, ventral tegmental area, anterior cingulate gyrus (BA 24), caudate, putamen, and anterior insula also reflected the majority response with signal decreases noted in 7-10 of the 13 studies. Due to the limits of the scanning volume, we could not assess the effects of acupuncture needle manipulation on the full extent of the cingulate gyrus. The cingulate could be reliably assessed only from the level of the AC to the level of the posterior commissure. The group averaged data of the nucleus accumbens during acupuncture needle manipulation on the right showed only a contralateral response; however, the data from individuals indicated that 5 of 7 studies had significant bilateral signal decreases. The discrepancy could be due to individual variability in signal change topography within the nucleus accumbens. There was excellent correlation between the timing of the onset and offset of needle manipulation and the onset and offset of decreases in signal intensity in each of the brain regions listed in Table II for both the left and right hand (Fig. 4) . The decrease in signal intensity occurred almost as soon as needle manipulation started and began to recover when needle manipulation stopped. The change in signal intensity during M2 did not show any adaptation, but rather was suggestive of an enhanced response in the amygdala, hippocampus and several other regions (Fig. 4) . The mere presence of the needle did not cause the marked signal decreases in these deep structures; rather, we noted transient signal increases at the time of needle insertion in SSC and in some individuals in the amygdala and cingulate gyrus.
Pain during acupuncture needle manipulation
In the two subjects who experienced pain throughout acupuncture needle manipulation instead of deqi, marked differences in fMRI data were noted. Both of Signal increases in SII: tactile stimulation versus acupuncture needle manipulation at left LI 4 in the same subjects (n ϭ 3). Group averaged data is presented in pseudocolor KS-statistical maps of signal increases overlaid on gray scale high resolution scan with the time course of normalized signal intensity from the activated voxels as indicated by the green box. Note that SII signal increases occurred during both treatments, but the regional extent of brain activation was greater and the statistical significance more robust during tactile stimulation (a) than during acupuncture (b) see Table  I . The time course of signal change correlated with the experimental paradigm. The horizontal line of each epoch represents the average signal intensity of that epoch.
᭜ Acupuncture Modulates Human Limbic Brain ᭜ ᭜ 19 ᭜ these subjects received manipulation of the left LI 4 acupuncture point. In contrast to the signal decreases observed in the other subjects described above, the acupuncture scan of these subjects showed a predominant pattern of signal increases in a number of regions including anterior cingulate gyrus (BA 24), putamen, anterior thalamus, and insula during needling. This network of activation is comparable to that reported in numerous functional neuroimaging studies of pain in human subjects [Becerra et al., 1999; Casey et al., 1994; Coghill et al., 1994; Craig et al., 1996; Davis et al., 1997; Jones et al., 1991; Talbot et al., 1991] . These two subjects 
DISCUSSION
This study demonstrates the consistent modulation of multiple bilateral cortical and subcortical limbic and paralimbic structures during acupuncture needling at LI 4 on either the right or left hand. The primary action was to decrease signal intensity in the nucleus accumbens, amygdala, hippocampus, parahippocampus, hypothalamus, ventral tegmental area, anterior cingulate gyrus (BA 24), caudate, putamen, temporal pole, and insula. In sharp contrast, signal increases were restricted to the SSC. The signal decreases were elicited by acupuncture needle stimulation in the majority of the cohort who experienced deqi and not in the two subjects who experienced pain during needle manipulation. Superficial tactile stimulation to the area elicited signal increases in the SSC as expected, but no signal decreases in the deep structures.
There are a number of limitations to this study. Acupuncture needle manipulation was performed with a matched imaging paradigm on all subjects. However, multiple paradigms, both matched and unmatched to the acupuncture paradigm, were performed for tactile stimulation in order to provide validation of our initial results. The fact that we got qualitatively similar results from all the variations provides strong support for our conclusions. Future studies need to confirm the results using a uniform study design in a larger cohort. Second, it is possible that the effects of acupuncture needle manipulation on regional brain activity could be influenced by a subject's expectation of what they would experience during the scan. Changes in attention and expectation can directly influence brain activity in the anterior cingulate [Davis et al., 1997; Murtha et al., 1996] , one of the regions shown to have signal decreases during acupuncture needle manipulation. In 
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3.6 ϫ 10 Ϫ10 3.5 ϫ 10 Ϫ9 Ϫ0.48 Ϫ0.62 5/7 6/7 * Subject with a shorter interval between needling could not be included in the group average, but was included in the individual data analysis. this study, subjects had a range of prior experience with acupuncture from completely naïve to having successfully completed a therapeutic course in the past. We found no evidence for differences in the data from the subjects who were naïve and those with prior experience. However, future studies would benefit from the use of cohorts with no prior acupuncture experience and a systematic method for subject preparation that would minimize the variability in subject expectancy. Third, we did not systematically assess the degree of deqi experienced by each of the subjects. Our impression was that the most profound signal decreases in these deep brain structures were seen in the scans from subjects who experienced stronger deqi with spread of the sensation beyond the acupuncture site. However, since we did not attempt to quantify the magnitude of this sensation, we were not able to perform a correlation analysis of this effect on the fMRI signal changes. Future studies would benefit from the use of validated rating scales to determine the quality and spatial extent of the acupuncture sensation.
Another limitation is the restricted brain volume imaged. The scanning parameters were selected to optimize signal detection in the central sulcus, the brainstem, and the deep gray structures. We did not determine the effects of acupuncture needle manipulation on the full extent of the cortex or the cerebellum. Cortical regions are thought to play a fairly modest role in the effects of acupuncture, e.g., acupuncture analgesia was not abolished in studies of decerebrate cats [Du and Chao, 1976; Kerr et al., 1978 , and see discussion and references cited on pp. 253-255 in Gwei-Djen and Needham, 1980] . However, we cannot rule out a role for these brain regions in mediating acupuncture effects. Furthermore, although we demonstrated the involvement of the anterior cingulate gyrus, only the portion of the cingulate caudal to the level of the AC was imaged. Future studies using whole brain imaging are necessary to determine the contribution of all brain regions to the effects of acupuncture needle manipulation.
The design of controlled experiments for acupuncture studies is fraught with difficulties, and few attempts have satisfied Western scientific standards Vincent and Richardson, 1986] . One reason is the difficulty of finding a true ''sham point'' to use in comparison with the acupuncture point. According to traditional Chinese acupuncture, focal stimulation of a needle at relatively specific points with the evocation of the deqi sensation is important in generating therapeutic acupuncture effect. The specific location of acupuncture points along each meridian is derived from thousands of years of clinical experience. It is known that needling at points other than those indicated on acupuncture charts also can have therapeutic effects. For instance, Ah Shi and trigger points are focal tender points that are used in therapeutic acupuncture to treat chronic pain. An ideal ''sham point'' would be an area of skin located some distance from any known acupuncture point or trigger point. However, some of the physiological effects of acupuncture have been observed when such supposed ''sham points'' were stimulated [Margolin et al., 1993b] . This may be due to fact that the acupuncture ''point'' is actually an ''area'' overlying densely innervated muscle [Melzack, 1989] .
We chose to use a number of controls including imaging during ''needle at rest'' and matched scans during tactile stimulation of the overlying area. Our data showed that neither ''needle at rest'' nor tactile stimulation produced the marked signal decrease in deep structures associated with needle manipulation. As can be seen from the time courses shown in Figures  2 and 4 , insertion of the acupuncture needle caused at most transient signal changes (increases or decreases), never the sustained signal decreases observed during needle manipulation. The tactile stimulation paradigm used for the quantitative comparison was exactly matched to the acupuncture paradigm (2 epochs of 2 min stimulation separated by 4 min of rest and stimulus delivery 120 times per min) because the magnitude of the fMRI signal change is affected by these parameters. We tried another experimental design, needle manipulation within the subcutaneous tissue just beneath the corium (n ϭ 2) (data not shown). This method did not yield significant signal decreases in the deep structures described for acupuncture at LI 4.
Our results indicate that insertion of the needle into the muscle and its manipulation are necessary to produce the deqi sensation and the prominent fMRI signal changes in the deep structures of the human brain. Additional evidence in support of this is provided by the results of an earlier preliminary study conducted in our center. They reported similar signal decreases in several of the limbic structures described above during acupuncture needle manipulation at acupuncture point Stomach 36 (ST 36, Zusanli) on the leg, but not during the control paradigm, pricking the skin over the ST 36 acupuncture point . We did additional control scans (data not shown) in which several of the subjects were imaged for up to 8 min during needle insertion without manipulation. There were no accompanying signal decreases even during this prolonged needle insertion.
Although there are multiple interpretations for decreases in BOLD fMRI signal, we believe that the decreased signal during acupuncture needle manipulation reflects decreased cerebral blood flow (CBF) resulting from suppression of neuronal metabolic activity. The fact that we observed coordinate signal decreases, in the absence of significant signal increases, in a circuit of highly interconnected structures strongly supports this interpretation. Cognitive processes can result in decreased CBF as measured by BOLD fMRI signals [Buckner, 1998] or positron emission tomography [Shulman et al., 1997] . Further evidence to support this interpretation is provided by the results of BOLD and cerebral blood volume mapping methods during electrical stimulation to the forepaw in rats [Mandeville et al., 1998; Marota et al., 1996] . These investigators used a protocol that is similar to electroacupuncture at LI 4 in animal models with respect to the anatomical site and stimulation parameters (intensity and frequency). The demonstrated signal intensity increases in the SSC and found evidence for decreases in the striatum.
There are multiple pathways by which acupuncture stimulation could coordinately influence neuronal activity in cortical, subcortical limbic, and paralimbic structures. Acupuncture needle manipulation likely stimulates multiple peripheral sensory receptors. Activation of the SSC, as in the response to tactile stimulation of the overlying region, is most likely mediated by activation of the dorsal column medial lemniscal system. Modulation of activity in the deeper brain regions is more likely mediated by axons ascending in the spino-thalamic, spino-reticular, and spino-mesencephalic tracts. Work in rodents, cats, and primates has documented that axons running in these bundles send collaterals to synapse directly on neurons in the dorsal thalamus, dorsal midbrain, medullary and pontine reticular formation, hypothalamus, amygdala, septum, and nucleus accumbens [see Willis, 1989; Willis and Westlund, 1997, and references therein] . In addition, reticular neurons are known to project both monosynaptically and polysynaptically to bilateral limbic and subcortical gray structures [Willis and Westlund, 1997] . Both direct spino-amygdaloid and spino-pontine-amygdaloid pathways have been recently reported in rodents [Bernard et al., 1989 [Bernard et al., , 1992 Burstein and Potrebic, 1993] . If such pathways exist in humans, they would provide relatively direct connections by which needle manipulation could influence the limbic system and other deep gray structures.
The widespread fMRI signal decreases in the limbic system are not surprising in view of the known therapeutic effects of acupuncture for disorders involving affective states such as anxiety, depression and substance abuse [Edzard et al., 1998; Margolin et al., 1993a] . Interestingly, two psychostimulant drugs, cocaine and nicotine, induced bilateral fMRI signal increases in many brain regions [Breiter et al., 1997; Stein et al., 1998 ], a subset of which, including the nucleus accumbens, putamen, hypothalamus, insula, and anterior cingulate gyrus, demonstrated signal decreases during acupuncture needle manipulation. The opposite effects of acupuncture needle manipulation and psychostimulant drugs on these limbic/paralimbic regions suggest that these brain regions could be involved in acupuncture treatments for drug craving and detoxification. We can further speculate that acupuncture analgesia for surgical procedures could work by decreasing neural activity in the thalamus, amygdala, and brainstem, structures that are known to modulate the conscious experience of pain [Becerra et al., 1999; Casey et al., 1994; Coghill et al., 1994; Craig et al., 1996; Davis et al., 1997; Jones et al., 1991; Talbot et al., 1991] .
Our results provide a foundation for future functional brain imaging studies of the therapeutic effects of acupuncture. Many questions remain unanswered. For instance, acupuncture treatment is known to have both immediate and cumulative effects [Bensoussan, 1991; Stux, 1997] . How do these transient changes in fMRI signals that likely correspond to transient changes in regional brain activity lead to persistent health benefits? How do these results in healthy subjects generalize to patients with acupuncture responsive disorders?
Conclusions
This initial study provides evidence supporting a coordinated effect of acupuncture needle manipulation on a network of cortical and subcortical limbic and paralimbic structures in the human brain. Modulation of this neuronal network could constitute the initiating steps by which acupuncture regulates multiple physiological systems and achieves diverse therapeutic effects.
